Normal human breast epithelial (HBE) cells which reached con¯uence ceased growth and tightly adhered to each other, forming a monolayer. In quiescent cells thus arrested by density, E-cadherin colocalized and coimmunoprecipitated with a-and b-catenins in the boundary region between adjacent cells. By contrast, immunocytostaining and Western blot analyses revealed that E-cadherin colocalized and coprecipitated with bcatenin but not with a-catenin in exponentially growing cells at low density. As a comparable amount of acatenin was detected in the total cell lysate of cells at dierent densities, it is suggested that a-catenin is present but dissociates from the E-cadherin-b-catenin complex in growing cells. b-Catenin was tyrosine phosphorylated in growing cells at low density but not in quiescent cells at con¯uence. Tyrosine phosphorylation of b-catenin was concomitantly induced with association of b-catenin with EGF receptor (EGFR) when quiescent cells at con¯uence were dissociated into single cells by tryptic digestion, being accompanied by dissociation of acatenin from E-cadherin. Both tyrosine phosphorylation and association of b-catenin with EGFR were inhibited by tyrphostin, a speci®c inhibitor of the EGFR tyrosine kinase, whereas dissociation of a-catenin from Ecadherin was not. The results suggest that tyrosine phosphorylation of b-catenin is achieved by EGFR upon tryptic digestion of cells and concurrent with but independent of dissociation of a-catenin from E-cadherin. b-Catenin thus phosphorylated at tyrosine is suggested to play the role in preventing a-catenin once dissociated from reassociating with E-cadherin until cells reach con¯uence.
Introduction
The cell adhesion molecule E-cadherin is considered to be one of the key molecules for the formation of the epithelial junctional complex (Gumbiner et al., 1988; Takeichi, 1988 Takeichi, , 1991 , thereby leading to establishment of the density-dependent inhibition of growth in normal epithelial cells at con¯uence (Takahashi and Suzuki, 1996) . In contrast to normal cells, loss or signi®cant reduction of E-cadherin expression has been noted in many epithelial cancers (Schipper et al., 1991; Shimoyama and Hirohashi, 1991a, b; Shiozaki et al., 1991; Kadowaki et al., 1994; Pierceall et al., 1995; Berx et al., 1995) . Loss of heterozygosity of the chromosome 16q region that contains the E-cadherin gene in cancers (Sato et al., 1990; Carter et al., 1991; Lindblom et al., 1993) and in vitro studies in which invasive phenotypes of cancer cells were suppressed by transfection with Ecadherin cDNA Vleminckx et al., 1991) have led to the proposal that E-cadherin functions as an invasion or metastasis suppressor gene.
E-Cadherin forms homodimers between the extracellular domain in adjacent cells (Shapiro et al., 1995) and interacts intracellularly with a group of proteins, collectively named catenins (Ozawa et al., 1989; Magee and Buxton, 1991) . Both the cadherin cytoplasmic domain and the associated catenins are required for full cell adhesive activity (Nagafuchi and Takeichi, 1988 Takeichi, , 1989 Ozawa et al., 1989 Ozawa et al., , 1990 Jae et al., 1990; Hirano et al., 1992) . a-Catenin is suggested to play a role in anchoring the cadherin-catenins complex to actin-based cytoskeletal components that include aactinin and vinculin (Knudsen et al., 1995) . The acatenin gene is sometimes lost Morton et al., 1993) or mutated in human cancer cell lines (Pierceall et al., 1995) . Altered a-catenin expression closely correlates with the invasive phenotype or scattered growth property of cancer cells, suggesting the putative invasion suppressor function of a-catenin along with E-cadherin. As a-catenin is a linker between the cadherin-catenins complex and the cytoskeletal components, loss or reduced a-catenin expression in cancer cells may cause loss of anchorage of the Ecadherin-catenins complex to cytoskeleton.
The presence of phosphorylated tyrosine residues on b-catenin are also suggested to be correlated with loss of cadherin-mediated cell adhesion. Treatment of human cancer cells with growth factors (Hoschuetzky et al., 1994; Shibamoto et al., 1994; Fujii et al., 1996) or transformation of cells with v-src (Behrens et al., 1993; Hamaguchi et al., 1993) or Rous sarcoma virus (Matsuyoshi et al., 1992) results in the accumulation of phosphorylated tyrosine residues on b-catenin concomitant with loss of cadherin-mediated cell adhesion. However, the precise role of b-catenin as well as its tyrosine phosphorylation in the cadherin-mediated cell adhesion is poorly understood.
In this study, we examined the dierence in the cell adhesive function of E-cadherin between cells which are actively growing at low density and those growth arrested by density at con¯uence, using normal human breast epithelial (HBE) cells. HBE cells which reached con¯uence had a complex consisting of E-cadherin, and a-and b-catenins in the boundary region between adjacent cells where cells tightly adhered to each other. In contrast, E-cadherin in cells which were exponentially growing at low density formed a complex with bcatenin but not with a-catenin in the boundary region of adjacent cells in loose contact. The absence of acatenin in the E-cadherin-b-catenin complex was accompanied by the presence of tyrosine phosphorylated b-catenin. Tyrosine phosphorylation of b-catenin was induced when the con¯uent cells were dissociated into single cells by tryptic digestion concomitant with b-catenin association with the EGF receptor (EGFR) and a-catenin dissociation from E-cadherin. Based on these observations, we propose that the EGFRdependent tyrosine phosphorylation of b-catenin acts as a negative regulator for the cell adhesive function of E-cadherin by preventing a-catenin from associating with the E-cadherin-b-catenin complex, without loss or signi®cant reduction in E-cadherin or a-catenin expression.
Results

Distributions of E-cadherin, a-and b-catenin
Normal human breast epithelial (HBE) cells which were exponentially growing at low density were ®xed and immunostained with antibody to E-cadherin, acatenin and b-catenin, respectively. Observations using a¯uorescent microscope revealed that both E-cadherin and b-catenin were detectable in the boundary region between adjacent cells which were in loose contact, but not in the periphery of those facing the empty space in exponentially growing cells at low density (Figure 1a and e). In contrast, the immunocytostaining of acatenin was rarely detectable even in the boundary region of adjacent cells grown at low density ( Figure  1c ). Several days later, HBE cells in culture grew and reached con¯uence, forming a monlayer. Successive cultivation of these cells in an EGF-deprived medium for 3 days promoted and accomplished the densitydependent inhibition of growth (Takahashi and Suzuki, 1996) . Both E-cadherin, and a-and b-catenins were intensely immunostained in the boundary region between adjacent cells which were in tight and close contact (Figure 1b, d and f) .
Immunoprecipitation of E-cadherin and a-and b-catenin
Immunocytochemical observations suggested that the colocalization of E-cadherin with both a-and b-catenins in quiescent cells but not with a-catenin in exponentially growing cells at low density. To con®rm this, immunoprecipitation by antibody to E-cadherin was carried out. Figure 2a shows that b-catenin with an apparent molecular mass of 95 kD was detected in the immunoprecipitates with E-cadherin (120 kD) from cells at two dierent densities. By contrast, a-catenin having an apparent molecular mass of 102 kD coprecipitated with E-cadherin in quiescent cells at con¯uence but not in growing cells at low density (Figure 2a) .
To determine whether the absence of a-catenin in the immunoprecipitates with anti-E-cadherin antibody from growing cells is due to the loss of a-catenin expression, the absolute amounts of a-catenin, Ecadherin and b-catenin were determined. Western blot analysis revealed that a comparable amount of acatenin was detected in the total cell lysates of cells at two dierent densities (Figure 2b ). This was also true for E-cadherin and b-catenin. The result indicated that a-catenin is equally expressed in growing cells at low density and in quiescent cells at con¯uence.
Density-dependent tyrosine phosphorylation of b-catenin
To determine why a-catenin is absent from E-cadherin in cells grown at low density, tyrosine phosphorylation of E-cadherin or catenins was examined using a monoclonal antibody to phosphotyrosine-containing proteins (anti-PY antibody). When the immunoprecipitates with anti-E-cadherin or anti-a-catenin antibody were probed with anti-PY antibody, b-catenin (95 kD) alone reacted in cells grown at low density ( Figure 3 ). The reactivity of b-catenin with the antibody did not depend on the pretreatment of cells with o-vanadate, an inhibitor of protein tyrosine phosphatases (PTPases). By contrast, neither of the catenins nor Ecadherin reacted with anti-PY antibody in quiescent cells at con¯uence (Figure 3 ). The result indicated that b-catenin is tyrosine phosphorylated in exponentially growing cells at low density but not in quiescent cells at con¯uence.
Induction of tyrosine phosphorylation and association of b-catenin with EGFR by tryptic digestion of con¯uent cells
To determine when b-catenin is tyrosine phosphorylated, quiescent cells at con¯uence having unphosphorylated b-catenin were dissociated into single cells with trypsin-EDTA then replated on culture Figure 1 Distributions of E-cadherin, and a-and b-catenin. HBE cells which were exponentially growing at low density (a, c, e) or those arrested at con¯uence by an EGF-deprivation for 3 days (b, d, f) were ®xed. The ®xed cells were reacted with the primary antibody to E-cadherin (a, b), a-catenin (c, d) or b-catenin (e, f) followed by FITC-conjugated secondary antibodies dishes containing the growth medium. Before tryptic digestion, b-catenin which coprecipitated with Ecadherin did not react with anti-PY antibody and acatenin which coprecipitated with E-cadherin in cells attached to culture dishes ( Figure 4a ). Immediately after tryptic digestion, the amount of b-catenin that coprecipitated with E-cadherin was reduced but the coprecipitated b-catenin was reactable with anti-PY antibody (Figure 4a) . At 2 or 4 h after incubation of the dissociated cells in growth medium, b-catenin
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Anti-E-cad Anti-α-cat Figure 3 Tyrosine phosphorylated b-catenin in exponentially growing cells at low density. Cells which were grown at low density (lane 1, 2, 5 and 6) and those arrested at con¯uence (lane 3, 4, 7 and 8) were pretreated with or without 100 mM sodium vanadate then lysed. Immunoprecipitations were done with antibody to E-cadherin or a-catenin and probed with a mixture of antibodies to E-cadherin and b-catenin, anti-a-catenin or anti-phosphotyrosine-antibody (Anti-PY)
Tyrosine phosphorylation of b-catenin by EGFR K Takahashi et al detected in the immunoprecipitates with anti-Ecadherin antibody recovered its level comparable to that before the digestion and strongly reacted with anti-PY antibody. b-Catenin which was undetectable in the immunoprecipitates with EGFR before tryptic digestion became detectable and reactable with anti-PY antibody immediately after the digestion ( Figure  4b ). Coprecipitation with EGFR and the reactivity with anti-PY antibody of b-catenin continued for 4 h after cultivating the dissociated cells in medium.
On the other hand, coprecipitation of a-catenin with E-cadherin before tryptic digestion was lost after the digestion and a-catenin remained absent from the immunoprecipitates with E-cadherin thereafter ( Figure  4a ). b-Catenin was detected in the immunoprecipitates with anti-EGFR antibody and reacted with anti-PY antibody after tryptic digestion, however the precipitated EGFR itself, including the trypsin-digested smaller components, did not react with anti-PY antibody before and after tryptic digestion ( Figure  4b ).
Inhibition of tyrosine phosphorylation and association of b-catenin with EGFR by tyrphostin
Tyrosine phosphorylation of b-catenin was induced immediately after tryptic digestion and concomitant with b-catenin association with EGFR (Figure 4b ). This suggests that b-catenin is tyrosine phosphorylated by b-catenin-associated EGFR upon tryptic digestion. To determine this possibility, tryptic digestion of con¯uent cultures was done in the presence of tyrphostin A25, an inhibitor of the EGFR tyrosine kinase (Gazit et al., 1989) . While coprecipitation of bcatenin with E-cadherin was unaected by tyrphostin even at 100 mM, tryptic digestion-induced coprecipitation of b-catenin with EGFR was reduced by tyrphostin at 10 and 50 mM and inhibited completely by 100 mM of the inhibitor ( Figure 5 ). In addition, the reactivity of b-catenin with anti-PY antibody which coprecipitated with either E-cadherin or EGFR was inhibited by tyrphostin in a dose-dependent manner. In contrast to b-catenin, tryptic digestion-induced loss of coprecipitation of a-catenin with E-cadherin was not aected by tyrphostin ( Figure 5 ).
Stable phosphotyrosine residues on b-catenin during growth phase of cells at low density
To examine the stability of phosphotyrosine residues on b-catenin once introduced upon tryptic digestion of con¯uent cultures, unsynchronously growing cells at low density were arrested by a 3-day deprivation of EGF then stimulated by adding EGF. The tyrosine phosphorylation level of b-catenin which coprecipitated with E-cadherin in unsynchronously growing con¯uence suggest that E-cadherin forms a complex with a-and b-catenins in the boundary region between adjacent cells where the neighboring cells tightly adhere to each other and form a monolayer. The cell adhesion function of E-cadherin, to form a complex with a-and b-catenins, is suggested to be fully active in these cells and thereby leads to establishment of densitydependent inhibition of growth (Takahashi and Suzuki, 1996) . In contrast, E-cadherin colocalized and coprecipitated with b-catenin but not with a-catenin in exponentially growing cells at low density. As the amount of a-catenin detected in cells at low density was comparable to that in quiescent cells at con¯uence, the results suggest that a-catenin is present but not integrated in the cell adhesion complex consisting of Ecadherin and b-catenin in the boundary region between adjacent cells where growing cells are in loose contact. a-Catenin is demonstrated to function as a linker between cadherins and the actin-based cytoskeletons by anchoring the E-cadherin-b-catenin complex to aactinin or vinculin (Knudsen et al., 1995) . Therefore the present result demonstrating that a-catenin dissociated from the E-cadherin-b-catenin complex suggests that the E-cadherin-b-catenin complex loses its anchorage to the cytoskeleton via a-catenin when cells are growing at low density. Dysfunction of cadherins in cancer cell lines through loss of anchorage to cytoskeleton is due to loss or signi®cant reduction in a-catenin expression Morton et al., 1993; Pierceall et al., 1995) . In normal epithelial cells such as HBE cells, dysfunction of E-cadherin is suggested to be achieved through dissociation of a-catenin from the E-cadherin-b-catenin complex, without loss or signi®cant reduction in acatenin expression. The presence of tyrosine phosphorylated b-catenin concurrent with dysfunction of cadherins has been shown in growth factor-stimulated cancer cells (Hoschuetzky et al., 1994; Shibamoto et al., 1994; Fujii et al., 1996) and cells transformed with v-Src (Behrens et al., 1993; Hamaguchi et al., 1993) or Rous sarcoma virus (Matsuyoshi et al., 1992) . However, the precise role of tyrosine phosphorylated b-catenin in the weakening of the cadherin function remains unclear. Western blot analysis using anti-PY antibody in the present study revealed the presence of tyrosine phosphorylated b-catenin in HBE cells growing at low density but not in cells at con¯uence. When con¯uent cultures having unphosphorylated b-catenin were dissociated into single cells by tryptic digestion, tyrosine phosphorylation of b-catenin was induced concomitant with coprecipitation of b-catenin with EGFR. Both tyrosine phosphorylation and coprecipitation of b-catenin with EGFR were inhibited by tyrphostin, an inhibitor of the EGFR tyrosine kinase (Gazit et al., 1989) . This evidence supports the notion that b-catenin is tyrosine phosphorylated by EGFR upon tryptic digestion of con¯uent culture of cells. First, the tryptic digestion-induced coprecipitation of b-catenin with EGFR suggested the association of bcatenin with EGFR as the kinase substrate. Second, inhibition of coprecipitation of b-catenin with EGFR by tyrophostin A25 suggested that tyrosine phosphorylation of b-catenin depends on its association with EGFR. Since tyrphostin inhibits the EGFR kinase activity by competing with the substrate binding site of the kinase domain (Gazit et al., 1989) , inhibition of bcatenin association with EGFR is due to the competitive inhibition of the EGFR kinase activity by tyrphostin. Third, neither ErbB-2 nor ErbB-3 are detectable by Western blot analysis in normal HBE cells (Takahashi and Suzuki, 1996) . On the basis of these results, b-catenin is suggested to be tyrosine phosphorylated by the associated EGFR that is activated by tryptic digestion, independent of ligand binding.
The ligand-independent activation of EGFR is unusual. EGFR in HBE cells at con¯uence is prevented from being activated with EGF by the Ecadherin-mediated tight cell contacts between adjacent cells (Takahashi and Suzuki, 1996) . Disruption of the cell contacts by an antibody to E-cadherin restores the responsiveness of EGFR to EGF, suggesting that the transmembrane EGFR requires at least its emancipation from tight cell contacts to be activated. As compared to the antibody to E-cadherin, tryptic digestion of cells is more drastic and may cause not only the disruption of cell contacts but some alterations in the cytoplasmic membrane. Therefore, it seems probable that tryptic digestion of the extracellular domain of EGFR, which is an allosteric protein (Schlessinger, 1988) , will cause conformational changes in the molecule similar to those induced by ligand binding (Green®eld et al., 1989) , thereby leading to activation of the intrinsic kinase activity of the receptor. Another unusual point is that tyrosine phosphorylation and association of b-catenin with EGFR were not accompanied by tyrosine phosphorylation of the receptor itself. In general, liganddependent activation of EGFR accompanies tyrosine phosphorylation of the receptor itself (Yarden and Schlessinger, 1987; Honegger et al., 1989) . Nevertheless, self-phosphorylation of EGFR is not required for activation of the receptor to phosphorylate the substrate molecules at tyrosine residues (Downward et al., 1985; Honegger et al., 1989) . Therefore it seems most likely that trypsin-induced and ligand-independent activation of EGFR causes tyrosine phosphorylation of b-catenin, without accompanying selfphosphorylation of the receptor. Such ligand-independent tyrosine phosphorylation of b-catenin in normal HBE cells is distinct from growth factor-dependent tyrosine phosphorylation of b-catenin in cancer cells (Hoschuetzky et al., 1994; Shibamoto et al., 1994; Fujii et al., 1996) . Phosphotyrosine residues on b-catenin once produced upon tryptic digestion were not responsive to EGF-deprivation or -stimulation whereas EGFR self-phosphorylated at tyrosine in response to EGF-stimulation, when cells were at low density. The result suggests that tyrosine phosphorylation of b-catenin depends on cell density but not the growth status of cells and that EGFR functions in not only growth signaling but also contact signaling through phosphorylation of b-catenin at tyrosine.
The presence of tyrosine phosphorylated b-catenin was concomitant with a-catenin dissociation from Ecadherin in exponentially growing cells at low density. In addition, a-catenin dissociation from E-cadherin was concurrently induced with tyrosine phosphorylation of b-catenin upon tryptic digestion of con¯uent cultures. However, inhibition of tyrosine phosphorylation and association of b-catenin with EGFR by tyrphostin did not aect the a-catenin dissociation from E-cadherin. The result indicates that dissociation of a-catenin from E-cadherin is induced directly by tryptic digestion and independent of tyrosine phosphorylation of b-catenin. Taken together with these observations, tyrosine phosphorylated and E-cadherin-associated b-catenin is suggested to play a crucial role in preventing a-catenin dissociated by tryptic digestion from reassociating with E-cadherin until cells reach con¯uence.
The irreversible dysfunction of E-cadherin by loss or signi®cant reduction of a-catenin expression found in the transformed or cancer cells with invasive phenotype Morton et al., 1993; Pierceall et al., 1995) may facilitate the cells to overcome density-dependent inhibition of growth and overgrow the normal cells. By contrast, conditional and reversible dysfunction of E-cadherin may be preferred by normal epithelial cells for active division and growth at low density, keeping loose contact between adjacent cells. Based on the observations obtained in this study, we propose that such conditional and reversible dysfunction of E-cadherin is achieved through maintaining tyrosine phosphorylated b-catenin on E-cadherin to prevent a-catenin from associating with E-cadherin.
Materials and methods
Cell culture
Normal human breast epithelial (HBE) cells obtained from Clonetics were cultured in MCDB 170 medium supplemented with EGF, insulin, hydrocortisone, ethanolamine, phosphoethanolamine and prostaglandin E1 as described previously (Hammond et al., 1984; Takahashi et al., 1989) . In some experiments, HBE cells which were exponentially growing at low density were deprived of EGF for 3 days to arrest growth and then stimulated with EGF (Takahashi and Suzuki, 1994) . When HBE cells reached con¯uence, they were cultured for 3 days more in an EGF-deprived medium to complete the density-dependent inhibition of growth (Takahashi and Suzuki, 1996) . To dissociate the quiescent cells into single cells, cells were incubated in 0.25% trypsin-2.65 mM EDTA for 2 ± 3 min at 378C then harvested by gentle pipetting in PBS containing 0.375 mg/ ml soybean trypsin inhibitor. In some experiments, quiescent cells at con¯uence were incubated for 30 min with tyrphostin A25 (Calbiochem) (Gazit et al., 1989) at the indicated concentrations prior to tryptic digestion then harvested in the presence of tyrphostin at the same concentrations.
Immunocytochemistry
For immunocytochemical analyses, cells grown on glass slides (Lab-Tek chamber, Nunc) were ®xed with 3.5% formaldehyde containing 1 mM CaCl 2 for 15 min at room temperature. The ®xed cells were rinsed with TBS (20 mM Tris-HCl, pH 7.8, 0.15 M NaCl), then extracted with 0.2% Triton X-100 in TBS for 15 min at room temperature. The slides were immersed in 1% BSA in TBS for 30 min then incubated with antibody to human E-cadherin HECD1, acatenin a18 (Nagafuchi and or b-catenin (Transduction Laboratories). The secondary antibodies were conjugated with FITC.
Immunoprecipitation and Western blot analysis
Cell lysis was carried out using the lysis buer (10 mM HEPES, pH 7.0, 0.15 M NaCl, 10 mg/ml chymostatin, 20 mg/ml antipain and 2 mM CaCl 2 ) containing 10 mM Chaps (Sigma) for immunoprecipitation of E-cadherin or RIPA (10 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS and 1 mM PMSF) for EGFR. Antibodies used were those to Ecadherin SHE78.7 and EGFR Ab-1 (Oncogene Science). To prepare the total cell lysate, cells were lysed in 1% SDS, 10 mM Tris-HCl, pH 7.4 and 1 mM CaCl 2 , boiled for 2 min, sonicated brie¯y and centrifuged at 15 000 g for 10 min at 48C. The immunoprecipitates or total cell lysates were dissolved by 7.5% SDS ± PAGE and transferred onto polyvinylidene di¯uoride membranes. After blocking the membranes in 5% skim milk, the blots were probed with antibody to E-cadherin HECD1, a-catenin a18, b-catenin, EGFR or phosphotyrosine-containing proteins PY20. The secondary antibodies were conjugated with HRP and the reactivity was visualized using X-ray ®lms and an ECL kit (Amersham).
